We report here the photo-catalytic properties of dye-sensitized TiO 2 -coated cotton fabrics. In this study, visible-light-driven, self-cleaning cotton fabrics were developed by coating the cotton fabrics with dye-sensitized TiO 2 . TiO 2 nano-sol was prepared via the sol-gel method and the cotton fabric was coated with this nano-sol by the dip-pad-dry-cure method. In order to enhance the photo-catalytic properties of this TiO 2 -coated cotton fabric under visible light irradiation, the TiO 2 -coated cotton fabric was dyed with a phthalocyanine-based reactive dye, C.I. Reactive Blue 25 (RB-25), as a dye sensitizer for TiO 2 . The photo-catalytic self-cleaning efficiency of the resulting dye/TiO 2 -coated cotton fabrics was evaluated by degradation of Rhodamine B (RhB) and color co-ordinate measurements. Dye/TiO 2 -coated cotton fabrics show very good photo-catalytic properties under visible light.
Introduction
In the last century, the textile and clothing industries have gained revolutionary developments in many aspects. Advanced scientific research has improved the processing methodology of natural fibers as well as the finishing technology for textile products. Tremendous improvements in the physical and/or chemical treatment of textile surfaces and the development of new functional materials for the finishing of textile products have led to the new textile materials. These multifunctional products have a wide variety of applications in many fields, including health, safety and protection, medical and hygiene, clothing, construction, agriculture, transport, electronics, geo-textiles and packaging [1] . Cotton and some of the synthetic polymers are mostly used as raw materials for the textiles. However, cotton has many advantages over synthetic polymers due to its softness, breathability, biodegradability, high performance and environmentally-friendly nature [2] . Raw cotton is converted into fibers which are further processed into cotton fabrics either by a weaving or knitting process. The resulting cotton fabrics are subjected to a variety of finishing processes according to the end-product requirements. Finishing processes may be divided into two major steps i.e., (1) physical and/or chemical pretreatment of the surface of the cotton fabrics; (2) application of dyes or other functional materials to the cotton fabrics to get the final products. In the last few decades, surface pretreatment and nano-functionalization of cotton fabrics for multiple applications has been a major focus for researchers. The development of self-cleaning textile fabrics using finishing processes is one of the promising research areas in textile technology.
Self-cleaning is one of the most fascinating natural phenomena, which was observed in lotus plant leaves for the first time, and now many superhydrophobic and self-cleaning surfaces have been developed using this phenomenon [2, 3] . In general, a self-cleaning surface has the ability to maintain a clean and contamination-free surface either by avoiding the deposition of dust and other pollutants or by decomposing the adsorbed stains and contaminants on the surface. In the former process, 
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Materials
This study used 100% scoured and bleached plain woven cotton fabric. The specifications of the cotton fabric used are given in the Table 1 . TiO2 precursor, titanium tetraisopropoxide (TTIP), glacial acetic acid, absolute ethanol and nitric acid were used as received from the suppliers to prepare TiO2 nano-sol. RB-25 dye commercial product was used as a photo-sensitizer as received without further purification. The RB-25 dye structure is given in the Figure 2 . 
Preparation of TiO2 Nano-Sol
A total of 10 mL of TTIP was dissolved in 50 mL of absolute ethanol. The TTIP solution was added dropwise to the acidified water-ethanol (5:1) mixture with a pH of 5. The mixture was stirred at 70 °C for 16 h. 
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Preparation of TiO 2 Nano-Sol
A total of 10 mL of TTIP was dissolved in 50 mL of absolute ethanol. The TTIP solution was added dropwise to the acidified water-ethanol (5:1) mixture with a pH of 5. The mixture was stirred at 70 • C for 16 h.
Coating of Cotton Fabric with TiO Nano-Sol
The cotton fabric was completely washed and dried under standard atmospheric conditions before the coating process. The prepared TiO 2 nano-sol was coated on the cotton fabric by dip-pad-dry-cure method. In detail, the cleaned cotton fabric was dipped in the TiO 2 nano-sol for 5 min, and pressed with a padder machine (Rapid Labortex Co., Ltd., Taipei, Taiwan). The nip pressure was kept at 2.5 kg·cm −2 to assure the same coating amount of TiO 2 on each of the cotton fabric samples. The wet pick up of TiO 2 sol was about 77%. The padded fabrics were neutralized to pH 7 by conventional spraying with aqueous solution of Na 2 CO 3 . The TiO 2 -coated cotton fabric samples were dried in a preheated oven at 80 • C for 5 min and finally cured at 120 • C in a preheated curing machine (Mathis Labdryer Labor-Trockner Type LTE, Werner Mathis AG Co., Oberhasli, Switzerland) for 3 min.
Dyeing of the TiO 2 -Coated Cotton Fabric
The TiO 2 -coated cotton fabrics were dipped in dye solutions of RB-25 with different dye concentrations of 0.01, 0.016, 0.08 and 0.16 mg/L for 2 h at 70 • C in a dying bath. The resulting dyed fabrics were first washed with hot water and then with de-ionized water to remove the unattached TiO 2 and dye molecules. The samples were dried for further characterization.
Staining of the Dye/TiO 2 -Coated Cotton Fabrics
For self-cleaning studies, 200 µL of aqueous solution of Rhodamine B (RhB) (7.5 mg/L) was applied to each of the TiO 2 /dye-coated cotton fabric samples. The samples were placed on smooth plastic sheets in the dark to avoid the leakage of the stain liquor. The stains were dried and then the stained fabrics were exposed to light (8 W lamp = 464 lm) for 6 h.
Characterization
Fourier Transform Infrared Spectroscopy
The attachment of TiO 2 nano-particles on the cotton fabric was observed by the surface chemical analysis of the samples by a Fourier transform infrared (FTIR) spectrophotometer equipped with an attenuated total reflection (ATR) accessory (Spectrum 100, Perkin Elmer Ltd., Waltham, MA, USA). The FTIR-ATR spectra of pure cotton fabric, TiO 2 -coated and TiO 2 /dye-coated cotton fabrics were obtained in the scanning range of 650-4000 cm −1 with an average of 64 scans of each fabric.
Photo-Catalytic Degradation of RhB
The self-cleaning performance of theTiO 2 -coated and dye/TiO 2 -coated fabrics was evaluated by the photo-catalytic degradation of RhB according to procedure reported in [8] . The decomposition of RhB was assessed by measuring the decrease in its concentration during the exposure to visible light irradiation. In detail, 3 g of each of the cotton fabric samples was cut into pieces of 1 cm × 1 cm dimensions. These pieces were soaked in 100 mL of the RhB dye aqueous solution (18 mg/L) in a 250 mL glass beaker. The cotton fabric pieces were shaken well in the dye solution and kept in the dark for 1 h to achieve the absorption-desorption equilibrium. The beakers with a test specimen were exposed to visible light under Philip fluorescent lamps with light intensity of 5.2-5.3 mW·cm −2 on the top of samples while vigorously shaking. A total of 10 mL of the target dye solution was taken out from the beakers after regular time intervals for 6 h and the UV-Visible absorption spectra were recorded on a UV-Visible UH5300 spectrophotometer (Hitachi, Tokyo, Japan). The decrease in the concentration of RhB was estimated by comparison with the concentration of RhB at 555 nm (λ max of RhB).
Color Yield Measurements
The quantitative self-cleaning efficiency of the dye/TiO 2 -coated fabrics was evaluated by color yield by reflectance measured at given wavelength intervals in the visible spectrum by a reflectance spectrophotometer (Macbeth Color-Eye 7000A, X-Rite, Grand Rapids, MI, USA) by using a D65 illuminant and 10 • standard observer. The reflectance measurements were taken for each sample three times from 400 to 700 nm with 10 nm intervals. K/S values were obtained by using the Kubelka-Munk Equation (1) as reported in [29] ,
where K is the absorption coefficient of the colorant, S is the scattering coefficient of the colored substrate and R is the reflectance of the colored sample. The higher the K/S value, the greater the dye uptake is, resulting in a better color yield.
CIE Color Coordinates
The CIE (Comission Internationale de l'Eclairage (International Commission on Illumination)) color coordinates, i.e., L* (lightness and darkness), a* (redness and greenness) and b* (yellowness and blueness) were also obtained by reflectance spectrophotometer (Macbeth Color-Eye 7000A) by using D65 illuminant and 10 • standard observer.
Surface Morphology
Surface morphologies of the pure cotton fabric, TiO 2 coated cotton fabric and dye/TiO 2 coated cotton fabrics were studied using Scanning Electron Microscope (JSM-6490, JEOL, Tokyo, Japan).
Results and Discussion
Fourier Transform Infrared Spectroscopy
The FTIR-ATR spectra of the pure cotton fabric, TiO 2 -coated and dye/TiO 2 -coated cotton fabrics are shown in the Figure 3 . Figure 3a represents the spectrum of pure cotton fabric. The peaks at around 3289 cm −1 , 2879 cm −1 , 1318 cm −1 and 1038 cm −1 are associated with the hydroxyl groups (-OH) of cellulose, C-H stretching vibrations of the cellulose chains in the cotton fabrics, C-O, C-H bending vibrations, and C-O, O-H stretching vibrations of the polysaccharide in cellulose respectively [29] [30] [31] . The FTIR-ATR spectrum of the TiO 2 -coated cotton fabric is presented in Figure 3b . The decrease in the peak intensity at 3289 cm −1 and 1038 cm −1 in Figure 3b indicates the attachment of TiO 2 with the (-OH) group of the cellulose chains on the surface of the cotton fabric. A further decrease in the peak intensity at 3289 cm −1 in the spectrum of dye/TiO 2 coated cotton fabric, as shown in Figure 3c , indicates the attachment of the dye to the surface of TiO 2 . Furthermore, a relative increase in the peak intensity at 1038 cm −1 indicates the C-O-C bond formation of the dye molecules with TiO 2 -coated cotton fabric.
UV-Visible Absorption Measurements
In order to study the binding of RB-25 with the TiO 2 -coated cotton fabric, the UV-visible absorption spectra of the RB-25 dye was recorded in the water and on the TiO 2 -coated cotton fabric, as shown in the Figure 4 . The UV-visible absorption spectrum of RB-25 in water shows a strong absorption peak (Q-band) at 662 nm. However, this absorption peak (Q-band) was shifted to 676 nm with a red shift of 14 nm. This red shift of 14 nm indicates the strong binding of RB-25 dye with TiO 2 , as reported in a study [20] .
The absorption spectrum of the TiO 2 -coated cotton fabric was also recorded, which indicates the formation of an anatase layer on the cotton fabric as shown in the Figure 5 . The energy gaps were measured from the absorption wavelength using a simple energy equation as given in the Table 2 . The energy gaps were measured from the absorption wavelength using a simple energy equation as given in the Table 2 . The energy gaps were measured from the absorption wavelength using a simple energy equation as given in the Table 2 . The energy gaps were measured from the absorption wavelength using a simple energy equation as given in the Table 2 . [32] . Thus, keeping in view its hazardous effects and red color, it has been used as a target pollutant in this study to evaluate the photo-catalytic efficiency of TiO 2 -coated and dye/TiO 2 -coated cotton fabrics. The decrease in the concentration of RhB by visible light irradiation in the presence of TiO 2 -coated and dye/TiO 2 -coated cotton fabrics was estimated by comparison with the concentration of RhB. The C/C 0 values of the RhB dye solution were plotted against time to observe the degradation rate of RhB, where C is the concentration of the target dye solution at regular intervals of irradiation calculated from the absorbance spectra, and C 0 is the initial concentration of the dye solution.
The degradation curves of the RhB for TiO 2 -coated and dye/TiO 2 -coated cotton fabrics are compared in Figure 6 . RhB was relatively stable under visible light when only TiO 2 was used for the coating of the cotton fabric, as shown in the Figure 6b . However, when the RB-25 dye is adsorbed on the TiO 2 -coated cotton fabric, the RhB undergoes degradation at a different rate, depending on the concentration of the RB-25 used. It can be noted from the degradation curves c, d, e and f in Figure 6 that the degradation rate of RhB increases with a decrease in the RB-25 dye concentration. The reason for the lower degradation rate of RhB at higher concentrations of sensitizer can be attributed to the agglomeration of the sensitizer molecules on the active sites of TiO 2 . When the concentration of the sensitizer was reduced to 0.01 mg/L, the degradation rate increased significantly, indicating that a single layer of sensitizer on the TiO 2 surface is more efficient. 
Photo-Catalytic Degradation of RhB
RhB (C28H31N2O3Cl) is a water soluble, basic, red dye. It is widely used as a dye in the textile and clothing industry. It is harmful to human and animal skin, causing irritation to the eyes, skin and respiratory tract. Its severe toxic and carcinogenic effects towards human beings and animals have been reported in the literature [32] . Thus, keeping in view its hazardous effects and red color, it has been used as a target pollutant in this study to evaluate the photo-catalytic efficiency of TiO2-coated and dye/TiO2-coated cotton fabrics. The decrease in the concentration of RhB by visible light irradiation in the presence of TiO2-coated and dye/TiO2-coated cotton fabrics was estimated by comparison with the concentration of RhB. The C/C0 values of the RhB dye solution were plotted against time to observe the degradation rate of RhB, where C is the concentration of the target dye solution at regular intervals of irradiation calculated from the absorbance spectra, and C0 is the initial concentration of the dye solution.
The degradation curves of the RhB for TiO2-coated and dye/TiO2-coated cotton fabrics are compared in Figure 6 . RhB was relatively stable under visible light when only TiO2 was used for the coating of the cotton fabric, as shown in the Figure 6b . However, when the RB-25 dye is adsorbed on the TiO2-coated cotton fabric, the RhB undergoes degradation at a different rate, depending on the concentration of the RB-25 used. It can be noted from the degradation curves c, d, e and f in Figure 6 that the degradation rate of RhB increases with a decrease in the RB-25 dye concentration. The reason for the lower degradation rate of RhB at higher concentrations of sensitizer can be attributed to the agglomeration of the sensitizer molecules on the active sites of TiO2. When the concentration of the sensitizer was reduced to 0.01 mg/L, the degradation rate increased significantly, indicating that a single layer of sensitizer on the TiO2 surface is more efficient. The proposed mechanism for the visible-light-driven, photo-catalytic activity of TiO 2 in the presence of the dye sensitizer is explained in Figure 7 . When dye sensitizer is exposed to a visible light source with sufficient light intensity, the electrons are excited from highest occupied molecular orbital (HOMO) of the dye to the lowest unoccupied molecular orbital (LUMO), from which electrons jumps to the conduction band of the TiO 2 . Thus, an increase in the electron density in the conduction band of the TiO 2 increases its photo-catalytic activity under visible light [21] .
The proposed mechanism for the visible-light-driven, photo-catalytic activity of TiO2 in the presence of the dye sensitizer is explained in Figure 7 . When dye sensitizer is exposed to a visible light source with sufficient light intensity, the electrons are excited from highest occupied molecular orbital (HOMO) of the dye to the lowest unoccupied molecular orbital (LUMO), from which electrons jumps to the conduction band of the TiO2. Thus, an increase in the electron density in the conduction band of the TiO2 increases its photo-catalytic activity under visible light [21] . 
Color Yield Measurements
The K/S sum values obtained from the reflectance spectrophotometer (Macbeth Color-Eye 7000A) of all the test specimens are given in Table 3 . The results show that with the increasing sensitizer dye concentration of the TiO2-coated cotton fabric, the K/S sum value increases, resulting in more color yield. However, the color yield was reduced to some extent when the samples were irradiated for 6 h, as shown in Figure 8 . 
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CIE Color Coordinates
The CIE color coordinate values of all the samples are given in Table 3 . The L* values of dye/TiO2-coated cotton fabrics decreased with an increase in the dye concentration of the sensitizer. Also, it is noted that the L* value decreased when stains were applied to the dye/TiO2-coated cotton fabrics. However, with irradiation, the L* value increased, which indicates degradation of the dye attached to the TiO2 surface, as shown in Figure 9 . This pattern of change in L* values agrees with the K/S sum values of the same samples. The a* value is associated with the redness and greenness of the test specimen. The greater value of a* corresponds to the reddish shade of the sample. Figure 10 represents the a* values of dye/TiO2-coated cotton fabrics with and without stains of RhB. The figure shows that the a* value increased significantly when the RhB dye stain was applied to the TiO2/dye-coated fabrics. This increase in a* value is the result of the reddish color of the RhB stain. However, the a* value decreased when irradiated with the visible light. This decrease is significant in only those samples which have a lower concentration of the sensitizer dye, which proves the agreement of the RhB degradation, as explained in Section 3.3. 
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The CIE color coordinate values of all the samples are given in Table 3 . The L* values of dye/TiO2-coated cotton fabrics decreased with an increase in the dye concentration of the sensitizer. Also, it is noted that the L* value decreased when stains were applied to the dye/TiO2-coated cotton fabrics. However, with irradiation, the L* value increased, which indicates degradation of the dye attached to the TiO2 surface, as shown in Figure 9 . This pattern of change in L* values agrees with the K/S sum values of the same samples. The a* value is associated with the redness and greenness of the test specimen. The greater value of a* corresponds to the reddish shade of the sample. Figure 10 represents the a* values of dye/TiO2-coated cotton fabrics with and without stains of RhB. The figure shows that the a* value increased significantly when the RhB dye stain was applied to the TiO2/dye-coated fabrics. This increase in a* value is the result of the reddish color of the RhB stain. However, the a* value decreased when irradiated with the visible light. This decrease is significant in only those samples which have a lower concentration of the sensitizer dye, which proves the agreement of the RhB degradation, as explained in Section 3.3. The a* value is associated with the redness and greenness of the test specimen. The greater value of a* corresponds to the reddish shade of the sample. Figure 10 represents the a* values of dye/TiO 2 -coated cotton fabrics with and without stains of RhB. The figure shows that the a* value increased significantly when the RhB dye stain was applied to the TiO 2 /dye-coated fabrics. This increase in a* value is the result of the reddish color of the RhB stain. However, the a* value decreased when irradiated with the visible light. This decrease is significant in only those samples which have a lower concentration of the sensitizer dye, which proves the agreement of the RhB degradation, as explained in Section 3.3. The value of b* represents the blueness and yellowness of the test samples. The basic principle for the yellowish and bluish appearance of the samples is that the greater the value of b*, the more yellowish its appearance [33] . The plot of the b* values of the dye/TiO2-coated samples before and after irradiation are given in Figure 11 . It is apparent from the plots that the blueness of the samples increases as the sensitizer dye concentration is increased on the cotton fabric samples, which are in accordance with the K/S values. The b* value is increased when the stain is applied to the cotton fabric with the lowest sensitizer concentration, as indicated in the blue plot in Figure 11 . This might be due to the basic color of the RhB that is more apparent when the sensitizer dye concentration is low. When the sensitizer dye concentration is increased, the b* value decreases, which indicates that the yellowish appearance of the stain is less prominent as the bluish color dominates with the increasing dye concentration, due to the inherent blue color of the sensitizer dye. After irradiation, the b* value decreased significantly for the stained sample, which had lowest sensitizer dye concentration, as shown in the green plot of Figure 11 . This is due to the fact that the photo-catalytic efficiency of the samples is greater at the lower sensitizer dye concentration. The value of b* represents the blueness and yellowness of the test samples. The basic principle for the yellowish and bluish appearance of the samples is that the greater the value of b*, the more yellowish its appearance [33] . The plot of the b* values of the dye/TiO 2 -coated samples before and after irradiation are given in Figure 11 . It is apparent from the plots that the blueness of the samples increases as the sensitizer dye concentration is increased on the cotton fabric samples, which are in accordance with the K/S values. The b* value is increased when the stain is applied to the cotton fabric with the lowest sensitizer concentration, as indicated in the blue plot in Figure 11 . This might be due to the basic color of the RhB that is more apparent when the sensitizer dye concentration is low. When the sensitizer dye concentration is increased, the b* value decreases, which indicates that the yellowish appearance of the stain is less prominent as the bluish color dominates with the increasing dye concentration, due to the inherent blue color of the sensitizer dye. After irradiation, the b* value decreased significantly for the stained sample, which had lowest sensitizer dye concentration, as shown in the green plot of Figure 11 . This is due to the fact that the photo-catalytic efficiency of the samples is greater at the lower sensitizer dye concentration. The value of b* represents the blueness and yellowness of the test samples. The basic principle for the yellowish and bluish appearance of the samples is that the greater the value of b*, the more yellowish its appearance [33] . The plot of the b* values of the dye/TiO2-coated samples before and after irradiation are given in Figure 11 . It is apparent from the plots that the blueness of the samples increases as the sensitizer dye concentration is increased on the cotton fabric samples, which are in accordance with the K/S values. The b* value is increased when the stain is applied to the cotton fabric with the lowest sensitizer concentration, as indicated in the blue plot in Figure 11 . This might be due to the basic color of the RhB that is more apparent when the sensitizer dye concentration is low. When the sensitizer dye concentration is increased, the b* value decreases, which indicates that the yellowish appearance of the stain is less prominent as the bluish color dominates with the increasing dye concentration, due to the inherent blue color of the sensitizer dye. After irradiation, the b* value decreased significantly for the stained sample, which had lowest sensitizer dye concentration, as shown in the green plot of Figure 11 . This is due to the fact that the photo-catalytic efficiency of the samples is greater at the lower sensitizer dye concentration. 
Surface Morphology
The scanning electron microscope (SEM) images of the pure cotton, TiO 2 coated and dye/TiO 2 -coated cotton fabrics are given in the Figure 12. Coatings 2017, 7, 192 11 of 13
The scanning electron microscope (SEM) images of the pure cotton, TiO2 coated and dye/TiO2-coated cotton fabrics are given in the Figure 12 . The rough surface as shown in figure 12b shows that TiO2 nano-particles have been successfully coated on the cotton fabric. The dye molecules of RB-25 present of the can also be seen in the images in Figure 12c ,d. However, it can be seen that when the concentration of dye increased, the dye molecules started to agglomerate at the surface, as shown in Figure 12d. 
Stain Degradation on Fabrics During Self-Cleaning Test
The images of stain degradation on fabrics during the self-cleaning test are shown in Figure 13 . It is clear from the figure that stains of RhB were removed after 6hrs of irradiation. The efficiency of self-cleaning increased with decreasing dye concentrations on the TiO2-coated cotton fabric. The rough surface as shown in Figure 12b shows that TiO 2 nano-particles have been successfully coated on the cotton fabric. The dye molecules of RB-25 present of the can also be seen in the images in Figure 12c ,d. However, it can be seen that when the concentration of dye increased, the dye molecules started to agglomerate at the surface, as shown in Figure 12d. 
Stain Degradation on Fabrics during Self-Cleaning Test
The images of stain degradation on fabrics during the self-cleaning test are shown in Figure 13 . It is clear from the figure that stains of RhB were removed after 6 h of irradiation. The efficiency of self-cleaning increased with decreasing dye concentrations on the TiO 2 -coated cotton fabric.
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Stain Degradation on Fabrics During Self-Cleaning Test
The images of stain degradation on fabrics during the self-cleaning test are shown in Figure 13 . It is clear from the figure that stains of RhB were removed after 6hrs of irradiation. The efficiency of self-cleaning increased with decreasing dye concentrations on the TiO2-coated cotton fabric. 
Conclusions
In this study, visible-light-driven, self-cleaning cotton fabrics were developed by coating the cotton fabric with dye-sensitized TiO 2 . A PC-based reactive dye (RB-25) was used as a dye-sensitizer for TiO 2 . TiO 2 nano-sol was prepared via the sol-gel method, and this TiO 2 nano-sol was coated on the cotton fabric by the dip-pad-dry-cure method. The TiO 2 -coated cotton fabric was then dyed with reactive Blue-25. The photo-catalytic self-cleaning efficiency of the resulting dye/TiO 2 -coated cotton fabrics was evaluated by the degradation of RhB and color co-ordinate measurements. The Dye/TiO 2 -coated cotton fabrics showed good photo-catalytic properties under visible light.
